The nucleotide sequence of cDNA from a high-passage, cell culture-adapted variant of hepatitis A virus strain HM175 was compared with the previously determined sequences of wild-type virus and two other cell culture-adapted variants. A total of 42 nucleotide changes were detected when the sequence was compared with wild-type virus. Five of these changes were common to all cell culture-adapted strains and a further two changes were shared by the strains that had experienced the greatest number of cell culture passages. The mutations were distributed throughout the genome coding for amino acid substitutions in regions 2B, 2C and 3D with silent changes in 1C and the 5' non-coding region. The possible relevance of these mutations to cell culture adaptation and attenuation is discussed.
Hepatitis A virus (HAV) is a positive-stranded RNA virus which has been classified as an enterovirus within the Picornaviridae . Early attempts to isolate and passage HAV in cell culture were hampered by the absence of a cytopathic effect and the lack of a sensitive means of detecting viral antigen. Following the development of a sensitive immunofluorescence assay (Mathieson et al., 1977) for the detection of viral antigen, HAV was isolated in cell culture after several passages in non-human primates (Provost & Hilleman, 1979) . Subsequently, primary isolation was achieved in a variety of cell cultures (Balayan et al., 1979; Frosner et al., 1979; Daemer et al., 1981) . Serial passaging of HAV in these systems resulted in an increased yield of virus and a reduction in the time before maximum virus production (Provost & Hilleman, 1979; Frosner et al., 1979) . Prolonged passage of HAV in cell culture has been shown to be accompanied by a decrease in virulence for experimentally infected animals and man (Provost et al., 1986; Purcell et al., 1984; Karron et al., 1988) , but the molecular basis of these alterations in viral phenotype is not known.
In an effort to define the genetic changes associated with adaptation to cell culture and attenuation of virulence, two groups have compared the complete nucleotide sequences of different cell culture-adapted variants of the HM 175 strain of HAV (Cohen et al., 1987 a; Jansen et al., 1988) with wild-type virus (Cohen et al., 1987c) . Previously, we have described a partial nucleotide sequence comparison of HAV HM175 at passage level 59 (Ross et al., 1986; B. N. Anderson et al., 1988) . The present paper compares the complete nucleotide sequence of this variant with both wild-type and the two other cell culture-adapted variants.
Restriction enzyme fragments of the HM 175 cDNA clones depicted in Fig. 1 were subcloned into mp8 and mp9 derivatives of bacteriophage M13 and sequenced by the chain termination method (Sanger et al., 1977) . All nucleotide changes from the wild-type HM175 sequence were confirmed by sequencing in both orientations in the M13 polylinker.
The passage histories of the molecularly cloned variants ofHAV HM 175 are illustrated in Fig.  2 . HM175m3 was derived from the initial human faecal specimen after three passages in marmosets and is considered to represent wild-type HM 175 because the virulence of this virus (Ross et al., 1986 HM175 Faecal specimen (Gust et al., 1985) 
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strain for marmosets remained unaltered (Cohen et al., 1987 c) . After a further three passages in marmosets, virus was used to inoculate cell cultures and passaged in different laboratories to obtain HM175m6p16 and HM175m6p59. The cell culture-adapted variant HM175p35 was derived from 35 passages in vitro after direct isolation from the original human faecal specimen HM175. 
The nucleotide differences between HM175m3 and HM175m6p59 are listed in Table 1 . A total of 42 differences were detected of which 24 resulted in amino acid changes. Nineteen of the changes were not shared by all clones sequenced which may reflect errors in reverse transcription or, more likely, random variations in sequence during passage in cell culture. This variability is expected because the virus was not plaque-purified or cloned by terminal dilution prior to cDNA cloning.
Changes in the nucleotide sequence present in at least two or more of the cell culture-adapted viruses are listed in Table 2 . If adaptation to growth in cell culture occurs via a common mechanism(s), then analogous mutations from the wild-type nucleotide sequence could be expected to be present in all cell culture-adapted strains. 
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The three cell culture-adapted variants shared a remarkable similarity in the distribution of mutations throughout the genome and five of these were identical. Two mutations resulted in amino acid changes in the coding region, substituting valine for alanine within the 2B region and threonine for serine in the 3D region. The function of the 2B region in picornaviruses is unknown, hence the significance of this change is uncertain. The 3D region codes for the viral RNA polymerase and an amino acid substitution could have a direct effect on the polymerase activity or specificity and thereby enhance the growth of HAV in vitro. The other three mutations were silent, one consisted of a single base deletion in the 5' non-coding region and two were point mutation~ present within the coding region. Although these mutations do not result in changes to the primary amino acid sequence, a functional significance cannot be ruled out. It is difficult to determine the effects of mutations in the 5' non-coding region since the function of this region in picornaviruses is poorly defined. However, studies on neurovirulent revertants of the vaccine strain for poliovirus type 3 (Schild et al., 1984; Evans et al., 1985) indicated that the major nucleotide change responsible for reversion was at nucleotide position 472 within the 5' non-coding region. This mutation significantly alters the predicted secondary structure of the viral RNA (Evans et al., 1985) which may affect the efficiency of RNA synthesis, morphogenesis, uncoating or translation. Similarly, silent changes within the coding region could alter RNA secondary structure and thereby change the replicative capacity of the virus.
The two cell culture-adapted variants that were sequenced after 35 and 59 passages in cell culture, shared two mutations not present in HM175m6p16. These mutations code for amino acid substitutions oflysine for glutamic acid and serine for phenylalanine within the putative 2C coding region. Interestingly, this is the region to which mutations conferring guanidine hydrochloride resistance of poliovirus have been mapped (Pincus et al., 1986) . The major effect of guanidine hydrochloride on viral replication appears to be a blockage in RNA synthesis (Tershak, 1982) ; therefore, mutations occurring in cell culture-adapted strains which modify the 2C polypeptide may alter the intracellular replication of viral RNA in vitro.
Three mutations common to HM175m6p16 and HM175m6p59 were not present in HM175p35 or HM175m3 (Table 2) . One mutation was silent, one was in the 5' non-coding region and the other resulted in a substitution of methionine for i soleucine in the 2A region of the genome, which codes for a protease in poliovirus (Toyoda et al., 1986; Nicklin et al., 1987) . Furthermore, three mutations occurred in HM175p35 and HM175m6p16 that were not present in HM175m6p59 or wild-type (Table 2) . One was in the 5' non-coding region, one in the 3' noncoding region and the other codes for an amino acid substitution in VP2. Although these changes were not common to each of the three cell culture-adapted variants, it is possible that they affect the growth of the respective strains in culture. It is likely that adaptation to growth in cell culture involves multiple mutations throughout the genome. However, it may be that from a large number of nucleotide changes that can influence adaptation to growth in culture, only a few are essential and these are highly selected for, such as the mutations that occur in all variants (Table 2 ). Other mutations that may enhance the growth in culture but are not essential will not be subject to the same selection pressure and may occur in some strains but not in others.
The relevance of the mutations in the HAV HM175 strains described here to attenuation of virulence is difficult to assess. Only one of the cell culture-adapted variants, HM175p35, was tested for virulence before cDNA cloning and it showed evidence of attenuation in both chimpanzees and marmosets (Karron et al., 1988) . The HM175m6p59 strain was not tested in animals, but previous studies of cell culture-adapted HM175 strains suggest that after 59 passages in vitro it is likely to be attenuated Purcell et al., 1984; Karron et al., 1988) . A derivative of the HM175m6p16 variant produced after a further six passages in cell culture demonstrated virtually unaltered virulence in owl monkeys , suggesting that mutations present in H M 175m6pl 6 have no relevance to attenuation. However, the degree of attenuation detected with HAV strains can depend on the species of animal used for testing (Provost et al., 1986; Karron et al., 1988) , and thus this variant may show some attenuation for species other than owl monkeys.
Adaptation and attenuation appear to occur concomitantly during serial passage in cell culture and therefore may have a common mechanism. Jansen et al. (1988) have proposed that adaptation to growth in cell culture occurs via mutations in the genes responsible for RNA replication, allowing more efficient interactions with host cell factors present in cultured cells. These mutations could result in inefficient interaction with different host cell factors that may exist in hepatocytes, causing an impaired replication of HAV in the liver and thereby attenuation of virulence. This hypothesis is consistent with the observation that restriction of the growth of HAV in vitro appears to be at the level of RNA replication (D. A. Anderson et al., 1987 and the importance of host cell factors in poliovirus RNA synthesis (Morrow et al., 1985; Andrews & Baltimore, 1986) . This proposed mechanism explains the association of decreasing virulence with gradual adaptation to growth in cell culture and implies that the determination of the molecular basis for attenuation may depend upon a better understanding of the mechanism for adaptation to growth of HAV in cell culture.
Determination of the precise function of the nucleotide changes described here will require further study. Although these mutations would include alterations responsible for attenuation and adaptation, many may be due to random nucleotide changes that have no effect on the in vitro growth of the virus or virulence. The recently described infectious cDNA for HAV (Cohen et al., 1987 b) will provide a mechanism to examine the effects of nucleotide mutations. By using either site-directed mutagenesis or cDNA recombination between wild-type and attenuated strains to generate mutant viruses, the phenotypic effects caused by these nucleotide changes may be determined. This nucleotide sequence comparison may prove useful in the selection of candidate sites for such mutagenesis experiments, in order to determine the precise genetic basis for adaptation of HAV to cell culture and possibly attenuation of virulence.
